A major obstacle that has prevented the commercialisation of many new promising, but poorly water soluble drugs is dissolution rate-limited oral bioavailability. The problem of poorly water soluble and low dissolution rate drugs has received extensive academic and industrial attention and numerous methods have been undertaken to enhance their dissolution and drug bioavailability. Examples of these methods include grinding or milling techniques\[[@ref1]\], pH adjustment\[[@ref2]\], cosolvency\[[@ref3]\], inclusion-complexation\[[@ref4]\] and micellisation combined with one of the methods\[[@ref2][@ref3][@ref5]\], such as freeze-drying and cryogenic engineering\[[@ref5][@ref6]\], supercritical fluid processing\[[@ref7]\], precipitation techniques\[[@ref8]\] and solid dispersion formulations\[[@ref9]\].

Currently, solid dispersions are one of the most promising strategies to improve the oral bioavailability of poorly water soluble drugs and they can be prepared by different methods and used to design amorphous or crystalline multicomponent systems\[[@ref9][@ref10]\]. With solid dispersions it is possible to choose a suitable carrier to modify the molecular mobility, relaxation times and intermolecular interaction\[[@ref11]\]. Some of the first substances employed in solid dispersions were crystalline carriers such as urea and sugars\[[@ref9]\]. These kinds of carriers produce crystalline or partially crystalline solid molecular dispersions, which are more thermodynamically stable than amorphous ones. For these reasons, more studies are necessary in order to obtain solid dispersions systems where drug and carrier particle size are reduced to a minimum and new noncovalent molecular interactions are formed. Hence, it is possible to improve drug wettability and optimal stability.

Actually, concepts of supramolecular chemistry and crystal engineering broaden the knowledge about specific intermolecular noncovalent interactions between molecules, such as hydrogen bonds, ionic, van der Waals and π--π interactions. These are responsible for molecular assemblies in multicomponent systems, comprised of a drug substance and a complementary neutral or charged molecule carrier\[[@ref12]\]. These kinds of intermolecular interactions can be used in the design of amorphous or crystalline multicomponent systems and in the explanation of their structures. Etter set up a series of rules and guidelines for hydrogen bonding in crystals that apply to the design of molecular assemblies. The simplest of these rules states that all available proton donor and acceptor groups will be used in the hydrogen bond, noncovalent intermolecular patterns of most organic molecules in the crystalline state\[[@ref13]\]. For instance, the carboxylic acid group of indomethacin forms a strong hydrogen bond with the more basic amide carbonyl group of polyvinylpyrrolidone (PVP)\[[@ref14][@ref15]\], and stabilizing effects are explained through the hydrogen bonding patterns of the PVP carrier on amorphous organic substances such as indomethacin in molecular dispersions\[[@ref11]\].

Indomethacin was selected as a model drug because it is poorly soluble in water, a crystalline non-steroidal, antiinflammatory, analgesic and antipyretic drug. Indomethacin has also been frequently shown to have low bioavailability when administered orally. In the last few years, additional uses have been found for indomethacin as an effective agent for decreasing the risk of several types of cancer\[[@ref16]\].

Meanwhile, lactose (L) is a widely used excipient in the manufacture of solid dosage forms because of its suitable properties, including hydrophilicity, low hygroscopicity, good compression and ease of purchase at a high quality\[[@ref17]\]. Therefore, lactose was selected in order to design a dispersion with indomethacin, using a mechanochemical activation to obtain a minimum particle size and to increase the number of hydrogen bonds.

The term 'mechanochemical activation' is defined as the accumulation of defects (amorphisation or crystallinity loss) in solids, and occurs using different ground media\[[@ref18]\]. In this process the mechanical energy is transferred to solid material surfaces, resulting in sufficient intensity to produce a local energy accumulation in submicroscopic zones. This creates a metastable structure that must release part of the accumulated energy to reach a more stable thermodynamic stage resulting in processes such as the propagation and interaction of dislocations, phase transformations and mechanochemical reactions such as the rupturing of chemical bonds. The main part of the supplied energy is converted into heat but the concentration of the strain at particular crystal sites produces crystal crushing and the formation of new surfaces. Furthermore, the energy supplied yields an accumulation of defects into the crystal and finally leads to complete amorphisation. The experimental verification of mechanochemical activation falls under the broad field of solid state characterization and there are many techniques that are useful for this purpose (X-ray, infrared, Raman spectroscopy, differential scanning calorimetry (DSC) and electron microscopy)\[[@ref19]\]. The purpose of the present study was to obtain a multicomponent solid dispersion using a high speed vibrating ball mill over a crystalline bicomponent system of indomethacin and lactose (IL) whose main effect is to enhance drug solubility in water and thus, drug bioavailability. The changes were examined through calorimetric studies\[[@ref20]\], electron microscopy, determination of the apparent solubility\[[@ref21]\] and by observing changes in the infrared spectra\[[@ref22]\].

MATERIALS AND METHODS {#sec1-1}
=====================

Indomethacin 99% (Auzohu-Konch Pharmaceutica, Mexico) with an average particle size of 50 μm, lactose USP (Lactochem, Mexico), a Millipore membrane 0.45 μm, a Vibrating ball mill (Pen Walt S.S. White), a Ceramic ball mill (Erweka), Carver Press, a Microbalance Autobalance AD-4 (Perkin-Elmer), a DSC-7 (Perkin-Elmer), and UV-201 Spectrophotometers (Perkin-Elmer) and FTIR Spectrophotometers,Tensor 27 (Bruker) were used.

Preparation of the physical mixtures: {#sec2-1}
-------------------------------------

Physical mixtures of IL were prepared by mixing equal weights of the drug and carrier and tumbling in a plastic receptacle for 10 min to assure a homogeneous mixture.

Preparation of the ground samples: {#sec2-2}
----------------------------------

Samples of indomethacin alone and the physical mixtures (IL) were ground in a porcelain ball mill (60 rpm) for about 4 h in order to compare with those which were ground in a vibrating ball mill at different times at 1700 rpm for 20 and 30 min (pure indomethacin, I20 and I30, and the physical mixtures IL20 and IL30, respectively). The properties assessed were particle size distribution, degree of crystallinity loss, changes in the infrared spectra and apparent solubility.

Characterization: {#sec2-3}
-----------------

The morphology and the size distribution of the particles were obtained through images of secondary electrons using the JEOL JSM-5600 scanning electron microscopy (SEM). The samples were placed on the surface of a bronze sample holder using double sided adhesive tape. The images were digitized and the size distribution was calculated from these images using the Imago Web for Windows and Digital Micrograph Processor as well as the Statistical Package for the Social Sciences (SPSS) software, version 12.0.

The degree of crystallinity loss was determined through a DSC process, where sample weights were kept within a range of 5-10 mg and the temperature from 50° to 250° at a constant rate of 10°/min in the presence of a nitrogen draft. This was further confirmed by the use of a high resolution transmission electron microscopy (TEM) using HF-2000FEG at 200 keV (Hitachi, Tokyo, Japan). The dry samples were collected on a standard lacey formvar coated electron microscope copper grid and images and diffracting patterns digitized. Fourier transform-infrared spectra (FTIR) were obtained on a system using the KBr disk method.

Solubility was evaluated from the dissolution of 10 mg of each sample in 100 ml of water at 37±0.5°, stirring at 60 rpm for a 2 h period, then filtering and measuring absorbance at a wavelength of 254 nm. Measurements were carried out in triplicate. By monitoring the dissolution for a period of 6 h, it was noticed that after the first 2 h, the value of the absorbance became constant, therefore, all other tests were carried out in 2 h periods.

RESULTS {#sec1-2}
=======

[Fig. 1](#F1){ref-type="fig"} shows the microphotographs of I30 and IL30, where the size of the aggregates are around 5 and 2 μm, respectively and morphology of both is different. In the first sample, the appearance is a flake like but the second one resembles a coral structure. [Fig. 2](#F2){ref-type="fig"} shows the thermograms of I and L, whose melting points were 162° and 219°, respectively. Another signal for the α form of lactose monohydrate appears at 151.3°, and it is associated to the loss of water.

![Microphotographs of samples.\
Microphotographs of samples I30 (a) 1 μm and IL30 (b) 0.5 μm](IJPhS-74-505-g001){#F1}

![DSC thermograms of indomethacin and lactose.\
Differential scanning calorimetry thermograms of pure indomethacin (I) and lactose (L)](IJPhS-74-505-g002){#F2}

The experiments were carried out using a common porcelain ball mill and there were no changes to the endotherm at 162° after 4 h, which are results obtained by Etman and Nada\[[@ref23]\].

The loss of crystallinity for samples I20 and I30 was observed through the decrease in the endotherms around 162° by 30.6% and about 56%, respectively, compared to the endotherm of unground indomethacin.

Taylor and Zografi\[[@ref24]\] worked only with indomethacin with similar equipment and reported a 36.5% loss of crystallinity at 30 min whereas with our equipment, the efficiency was 1.5 times higher in the same amount of time.

[Fig. 3](#F3){ref-type="fig"} shows the thermograms for the physical mixture (IL), as well as the samples ground for 20 and 30 min each (IL20 and IL30). The thermogram of sample IL20 shows a reduction of the peak around 162° resulting in a 43% loss of crystallinity for indomethacin while the endotherm at 151.3° belonging to lactose almost disappeared.

![DSC thermograms of the physical mixture.\
Differential scanning calorimetry thermograms of the physical mixture of indomethacin and lactose (IL), and physical mixtures ground for 20 min (IL20) and 30 min (IL30) with a vibrating ball mill.](IJPhS-74-505-g003){#F3}

Sample IL30 presents a vitreous transition at 136°, two lactose endotherms at 151.7° and 209°, and a significant decrease of the area for the melting peak of indomethacin at 162°. This resulted in a loss of crystallinity of almost 81% compared to Etman and Nada\[[@ref23]\] who reported a crystallinity loss of 63% using a ball mill for about 90 min.

The IL30 has also been examined by transmission electron microscopy and electron diffraction. Both techniques demonstrate a high degree of crystallinity loss as proposed from the DSC analysis. [Fig. 4a](#F4){ref-type="fig"} shows a bright field high resolution image of a grain of the IL30 sample. The 2 μm particles are made up of smaller nanoparticles of average 200 nm in average size, although there are smaller particles. Diffraction patterns of such particles were obtained, which clearly show the amorphous nature because broad rings were observed ([fig. 4b](#F4){ref-type="fig"}), which was confirmed by image ([fig. 4c](#F4){ref-type="fig"}).

![High resolution transmission electron microphotographs and diffraction of IL30](IJPhS-74-505-g004){#F4}

The confirmation that we were dealing with IL30 was demonstrated by obtaining energy dispersive X-ray spectra, which clearly shows the presence of the Cl due to the indomethacin ([fig. 5](#F5){ref-type="fig"}).

![Dispersive X - ray energy spectrum of IL30 samples.\
Characteristic X-ray energy dispersive spectrum of IL30 particles showing the Cl peaks typical of the I-phase and C peaks. Cu and Si come from the sustaining grid](IJPhS-74-505-g005){#F5}

From the analysis of indomethacin FTIR spectrum ([fig. 6](#F6){ref-type="fig"}, I), it can be observed that there are hydroxyl bands at 3371 cm^-1^ (free OH) and 2927_3350 cm^-1^ (OH-associated), two carbonyl bands at 1716 cm^-1^ (acid group) and 1692 cm^-1^ (amide group). Comparing the infrared spectrum of the physical mixture ([fig. 6](#F6){ref-type="fig"}, IL) with that of lactose ([fig. 6](#F6){ref-type="fig"}, L) it is clear that the bands of indomethacin are overlapped by those of lactose. In addition, no change in the carbonyl region was found. Therefore, there is no sign of an interaction in the physical mixture. On the contrary, with the ground indomethacin, a gradual diminution of the band is evident at 1716 cm^-1^ ([fig. 6](#F6){ref-type="fig"}, I30), and practically disappears in the case of the mixture of indomethacin-lactose that was ground for 30 min (IL30).

![Fourier transform-infrared spectra of samples.\
Fourier transform-infrared spectra of indomethacin (I), ground indomethacin (I30), ground mixture of indomethacin and lactose (IL30), physical mixture of indomethacin and lactose (IL) and lactose (L).](IJPhS-74-505-g006){#F6}

The data contained in [Table 1](#T1){ref-type="table"} show that the apparent solubility of indomethacin improves in the physical mixture with lactose, almost doubling when compared to that of the pure drug sample indomethacin. [Table 1](#T1){ref-type="table"} also shows a 2.22 fold increase when the indomethacin is ground for a 30 min period. Finally, a 2.76 fold increase is reached for the mixture of IL30 which was also ground for an equivalent period of 30 min.

###### 

APARENT SOLUBILITY OF SAMPLES IN WATER

![](IJPhS-74-505-g007)

DISCUSSION {#sec1-3}
==========

Analyses of the unground drug and lactose showed an average particle size of around 50 and 30 μm, respectively. After high speed grinding, indomethacin (I30) and the mixture IL30 had a reduced average particle size of around 5 and 2 μm, respectively, however, the latter showed cylindrical structures, which could increase the surface area and therefore, improve its wettability.

From the analysis of the thermograms, there is a gradual reduction of area of the endotherms at 162° (I20 and I30) observed in [fig. 3](#F3){ref-type="fig"}. This could be interpreted as a change in the crystalline state of the particle because even though it is known that the grinding process reduces the particle size, this would increase the rate of dissolution, but not the solubility of a drug. As a matter of fact, the apparent solubility listed in [Table 1](#T1){ref-type="table"}, where solubility itself has increased, allowed us to corroborate that this is due to the destruction of the crystalline net of indomethacin instead of the presence of other polymorphic forms. This can be verified since those forms would appear at 134° and 154° and there are no signals in those regions\[[@ref25]\].

In the case of the physical mixture, it is reasonable to expect that the improvement in the apparent solubility could be due only to the hydrophilic properties of lactose, because no change was found in the thermogram nor in the infrared spectrum of that sample (IL).

It can be seen from the thermogram of the mixture ground for 30 min ([fig. 3](#F3){ref-type="fig"}) that the crystallinity loss was stronger than I30 (without lactose) and the vitreous transition as well as the endotherm at 209° could be an indication of interactions between indomethacin and lactose. Furthermore, our solid dispersions present a yellow colour which coincides with the observations of Cavallari *et al*.\[[@ref21]\], who prepared tablets containing indomethacin, lactose and Polyethylene glycol with an ultrasound assisted compaction machine and the yellow colour of the tablets was due to the destruction of the crystal lattice.

Related to the interaction between the drug and the excipient which was strongly evidenced by the thermal analysis, it was important to determine its nature. In this case, the disappearance of the band in the infrared at 1716 cm^-1^ observed in [fig. 6](#F6){ref-type="fig"} (IL30) which was identified as an acid carbonyl stretch\[[@ref22]\], supported the idea that hydrogen bonds formed between the acidic function of indomethacin and the OH groups of lactose.

This idea is in agreement with other studies, such as those conducted by Valizadeh *et al*.\[[@ref10]\], who have observed similar changes in the FTIR spectra when they worked with indomethacin and dextrin. In addition, Taylor and Zografi\[[@ref14]\] reported the hydrogen bond formation between PVP amide carbonyl and indomethacin carboxylic acid hydroxyl in the amorphous solid dispersion prepared by coprecipitation. Furthermore, Watanabe\[[@ref26]\] proposed the interaction between indomethacin and the silanol groups in the ground mixture of the drug with SiO~2~.

It has been proven that the apparent solubility of the ground solid dispersion of indomethacin and lactose (IL30) increased almost 3 fold when compared to that of the pure indomethacin. This could be explain with the connection of two factors, first the crystallinity loss of indomethacin in presence of lactose, corroborated by the DSC thermograms and TEM. Thermal analysis also enabled the exclusion of polymorphism phenomena as a consequence of the mechanical treatment. Secondly, the number of interactions between the carboxyl group of indomethacin and the hydroxyl groups of lactose for the ground sample increased through the mechanoactivation using the vibrating ball mill.
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